Aminoacyl-tRNA synthetases are well known for their remarkable precision in substrate selection during aminoacyl-tRNA formation. Some synthetases enhance the accuracy of this process by editing mechanisms that lead to hydrolysis of incorrectly activated and/or charged amino acids. Prolyl-tRNA synthetases (ProRSs) can be divided into two structurally divergent groups, archaeal-type and bacterial-type enzymes. A striking difference between these groups is the presence of an insertion domain (ϳ180 amino acids) in the bacterialtype ProRS. Because the archaeal-type ProRS enzymes have been shown to recognize cysteine, we tested selected ProRSs from all three domains of life to determine whether cysteine activation is a general property of ProRS. Here we show that cysteine is activated by recombinant ProRS enzymes from the archaea Methanocaldococcus jannaschii and Methanothermobacter thermautotrophicus, from the eukaryote Saccharomyces cerevisiae, and from the bacteria Aquifex aeolicus, Borrelia burgdorferi, Clostridium sticklandii, Cytophaga hutchinsonii, Deinococcus radiodurans, Escherichia coli, Magnetospirillum magnetotacticum, Novosphingobium aromaticivorans, Rhodopseudomonas palustris, and Thermus thermophilus. This non-cognate amino acid was efficiently acylated in vitro onto tRNA Pro , and the misacylated Cys-tRNA Pro was not edited by ProRS. Therefore, ProRS exhibits a natural level of mischarging that is to date unequalled among the aminoacyltRNA synthetases.
ATP. The activated amino acid is subsequently transferred to the 3Ј terminus of the cognate tRNA (1) . Although accurate amino acid recognition by AARSs is an efficient process, some misactivation or mischarging of non-cognate amino acids has been observed. The incorrect products are usually hydrolyzed during pre-transfer and/or post-transfer editing activities (2) . A well described editing model is the "double-sieve" mechanism (3, 4) . It suggests that some aminoacyl-tRNA synthetases choose their cognate amino acids primarily by size and then by specific chemical features. The active site for aminoacylation acts as the "coarse" sieve, activating at a significant rate only those amino acids that are the same size as or smaller than the desired one. The second sieve, the "fine sieve," is the editing site where the products of those amino acids that are smaller than the correct one are hydrolyzed. Editing activities have been demonstrated for many synthetases (5-7), most recently also for prolyl-tRNA synthetase (ProRS) (8) .
ProRS is responsible for the formation of prolyl-tRNA. Progress in genome analysis has made available a large number of ProRS sequences. Their alignments and phylogenetic examination revealed the existence of two quite diverged groups ( Fig.  1) , archaeal-type and bacterial-type ProRS enzymes (9 -12) . Bacterial-type ProRS, found in bacteria and mitochondria, is usually larger than the archaeal-type enzyme because of an insertion domain of ϳ180 amino acids (Table I) . However, ProRSs from Rhodopseudomonas palustris, Caulobacter crescentus, Rickettsia prowazekii, and a few other representatives of ␣-proteobacteria lack this insertion domain, yet they are bacterial-type enzymes based on phylogenetic analyses. In contrast, the archaeal-type ProRS lacks the insertion sequence but contains a conserved C-terminal extension of ϳ100 amino acids including a totally conserved terminal tyrosine (Fig. 1) . In addition to its occurrence in archaea and eukarya, the archaeal-type ProRS is also found in the bacterial domain in the Thermus-Deinococcus group, the Cytophaga-Flexibacter-Bacteroides group, Borrelia, some Clostridium species, and some ␣-proteobacteria.
Although the ProRS enzymes from Escherichia coli and Thermus aquaticus have been purified and partially characterized many years ago, all 20 canonical amino acids had not been tested for their ability to be substrates (13, 14) . Thus, it was surprising that archaeal ProRS enzymes were shown to be capable of activating cysteine in addition to the cognate proline (15, 16) . This appeared to be a desirable property as the methanogenic archaea Methanocaldococcus jannaschii and Methanothermobacter thermautotrophicus lack a canonical cysteinyltRNA synthetase in their genomes (17, 18) , and Cys-tRNA Cys formation was reported to be carried out by a dual specificity ProRS (15, 16) . Furthermore, the binding sites for proline and cysteine greatly overlap in M. jannaschii ProRS (19) . Recently, however, cysteine activation was also detected for human (20) , Giardia lamblia (21) , Thermus thermophilus (22) , and even the bacterial-type E. coli ProRS (20, 23) . This immediately raised the question whether cysteine activation is an inherent in vitro property of all ProRS enzymes. To provide an answer, we examined ProRS enzymes from a number of representative organisms for amino acid activation and tRNA charging with cysteine. Preparation of Native tRNAs-Unfractionated mature tRNA from M. jannaschii was prepared as described previously (24) . EF1A-purified E. coli tRNA Cys and T. thermophilus tRNA Cys were prepared as described (see Ref. 45) .
EXPERIMENTAL PROCEDURES

General-Proline
Partial separation of E. coli tRNAs was performed at 4°C by chromatography on benzoylated DEAE-cellulose at pH 7.0 in the presence of Mg 2ϩ as described previously (25) . tRNA (40 mg) was adsorbed to a benzoylated DEAE-cellulose column (2.5 ϫ 8 cm) in 50 mM MOPS-HCl, pH 7.0, containing 10 mM MgCl 2 . Elution was performed with a linear gradient of NaCl (0 -1.0 M, 400 ml of total volume) at a flow rate of 1 ml/min maintained with 5-ml fractions collected. The fractions were assayed for presence of tRNA Pro Pro genes were synthesized as described previously (15, 19) and then transcribed from NsiI or BstNI-linearized plasmids using T7 polymerase. E. coli transcript was prepared as a ribozyme construct, because the first base is cytosine, which is highly unfavorable for T7 polymerase (26) . Digested template DNA was extracted with phenol and chloroform and precipitated with ethanol. The transcription reaction was incubated at 37°C for 3 h and included 40 mM Tris-HCl, pH 8.1, 22 mM MgCl 2 , 2 mM spermidine, 10 mM dithiothreitol, 4 mM of each NTP (Sigma), 10 mM GMP (Sigma), 0.05% Triton X-100, 10 mg/ml yeast inorganic pyrophosphatase, 0.1 mg/ml digested template, and 50 g/ml T7 polymerase. Reactions were stopped by phenol and chloroform extraction, precipitated with ethanol, and resuspended in gel loading buffer (8 M urea, 20% sucrose, 0.1% bromphenol blue, 0.1% xylene cyanol). For ribozyme constructs before the phenol extraction, reaction mixtures were diluted five times and incubated for 1 h at 60°C to enhance autocatalytic cleavage. The transcripts were purified on a denaturing polyacrylamide gel (12% acrylamide:bisacrylamide (19:1), 8 M urea, 89 mM Tris borate, pH 8.3, 2 mM EDTA) and electroeluted from the gel using a Schleicher & Schuell Biotrap. The transcripts were extracted with phenol and chloroform, precipitated with ethanol, resuspended in sterile water, and stored at Ϫ20°C.
Cloning and Site-directed Mutagenesis of ProRSs-ProS clones of M. jannaschii, M. thermautotrophicus (15) , G. lamblia (21) , and T. thermophilus HB8 (22) were described. A strain of Novosphingobium aromaticivorans was obtained from M. Overexpression and Purification of His 6 -tagged Enzymes-Cultures were grown at 37°C in Luria-Bertani (LB) medium supplemented with 100 g/ml ampicillin and 34 g/ml chloramphenicol. Expression of the His 6 -tagged protein was induced for 2-3 h at 30°C with the addition of 1 mM isopropyl-1-thio-␤-D-galactopyranoside before cell harvesting. Expression of the ProRS deletion enzymes was induced with 0.2 mM isopropyl-1-thio-␤-D-galactopyranoside at 28°C for 1 h.
The enzymes were purified by nickel-nitrilotriacetic acid chromatography as described previously (22) . The His 6 -ProRSs were Ͼ95% pure as judged by Coomassie Brilliant Blue staining after SDS-PAGE. Active fractions were pooled and dialyzed against reaction buffer (50 mM HEPES-KOH, pH 7.2, 50 mM KCl, 15 mM MgCl 2 , 5 mM 2-mercaptoethanol, 1 mM benzamidine) containing 40% glycerol and stored at Ϫ20°C. The E. coli ProRS enzyme was further purified on DEAE-cellulose and Uno S columns to minimize the possibility of E. coli cysteinyl-tRNA synthetase contamination. For the DEAE-cellulose column, 50 mM TrisHCl, pH 8.0, and a gradient of KCl (0 -200 mM) were used. For the Uno S column, a gradient of potassium phosphate (20 -200 mM), pH 6.8, was used.
Active Site Titration-Active site titration was performed to determine the amount of active enzyme in the preparation. The formation of ProRS⅐Pro-AMP complexes took place in 100 l of the 0.5ϫ EAP buffer (50 mM Tris-HCl, pH 7.5, 5 mM KCl, 5 mM MgCl 2 ) containing 0.5 units of inorganic pyrophosphatase and 20 M [ After phenol and chloroform extraction, the tRNA was precipitated with ethanol and the precipitate was washed and dried. 0.5-2 M of charged tRNA were used in the 60-l reaction. The deacylation assay was performed as described previously (8) . The reaction was initiated with 20 nM to 2 M enzyme, and at each time point, 13-l aliquots were removed. As a positive control, 0.1 M NaOH was used instead of the enzyme. Reactions were quenched on Whatman 3MM filters pre-soaked with 10% trichloroacetic acid, washed, and quantified as described for aminoacylation assays.
RESULTS
Selection of ProRS Enzymes for Study-Because archaeal
ProRS enzymes charge cysteine in addition to proline onto tRNA (15), we wanted to determine whether this property is widespread among this family of enzymes. Therefore, we selected proS genes from a number of organisms so that enzymes a Cysteine activation was measured in the presence of 1 mg/ml of the appropriate unfractionated tRNA (see "Experimental Procedures"). Individual kinetic parameters are based on three independent determinations with standard deviations from 3-10%.
b Abbreviations A, B, E refer to archaea, bacteria, and eukayote, respectively.
c A indicates archaeal-type ProRS; B indicates bacterial-type ProRS. d ProRS length (number of amino acids).
e Abbreviation P is for amino acid proline and C is for cysteine. f The C. sticklandii genome is not sequenced. As the closely related C. difficile, species possesses an archaeal-type and a bacterial-type proS gene, it is possible that C. sticklandii may also contain a second proS gene. from all domains of life, as well as from the two different structural classes, were represented. The archaeal examples were M. jannaschii and M. thermautotrophicus, whereas Saccharomyces cerevisiae represented the eukarya. We used a larger number of bacterial enzymes as both archaeal-type and bacterial-type ProRS proteins are represented here. For the archaeal-type proS, T. thermophilus, D. radiodurans, C. sticklandii, N. aromaticivorans, C. hutchinsonii, B. burgdorferi, and M. magnetotacticum were selected, whereas the bacterial-type ProRS was cloned from E. coli and the hyperthermophile A. aeolicus. An atypical bacterial-type ProRS lacking the insertion domain was cloned from R. palustris. Because the insertion domain appears to be involved in editing (28), we wanted to generate forms of the E. coli and A. aeolicus enzymes that lack partially or completely the 180-amino acid insertion domain. Not unexpectedly, only two of the enzymes could be expressed in a stable form. This was the ProRS ECdel3 enzyme (see Fig. 1 ) with 452 amino acids compared with 572 amino acids in wild-type E. coli ProRS. Similarly, the A. aeolicus ProRS AAdel1 lacked 117 amino acids from the wild-type open reading frame of 570. In both of these enzyme constructs, only 65% of the insertion domain was deleted; however, they were significantly less stable than the wild-type enzymes.
Cysteine Is a Substrate of ProRS-Kinetic parameters of cysteine and proline activation were determined by ATP-PP i exchange (Table I) . It is clear that all of the ProRSs tested are able to use cysteine as substrate. Cysteine activation (expressed as k cat /K m ) by these ProRSs was 30 -1400-fold lower than the activation of the cognate proline. The "affinities" of ProRSs for cysteine were surprisingly high (K m values ranging from 10 -260 M), which was in most cases even higher than those for proline (K m values ranging from 50 -290 M). However, turnover numbers for cysteine activation were severely decreased compared with proline (k cat dropped 150 -2300-fold). Thus, cysteine activation is still considerably poorer than proline activation. Alanine for comparison was also detectably activated by ProRSs (20) . It has a profoundly poorer affinity than cysteine or proline (K m values between 31-500 mM); however the k cat values are 10-fold higher than those for cysteine (data not shown). Thus, cysteine is still a significantly better substrate in ATP-PP i exchange than alanine.
Although the addition of unfractionated tRNA significantly improved cysteine activation in most cases, cysteine activation can always be observed in the absence of tRNA (23, 29) . tRNAdependent cysteine activation is a property common to both archaeal-type and bacterial-type ProRS families. The activation of cysteine by M. jannaschii ProRS, for instance, was found to be stimulated up to 4-fold in the presence of unfractionated tRNA, whereas a 2-fold stimulation was observed for A. aeolicus ProRS (data not shown).
The ability of all ProRS enzymes to charge cysteine onto unfractionated tRNA was tested by the standard aminoacylation assay and compared to the reaction with proline. In this assay, the source of tRNA for most ProRSs was E. coli. The archaeal enzymes were tested with M. jannaschii tRNA and S. cerevisiae ProRS with homologous tRNA. Most of the enzymes charged tRNA with cysteine to a similar plateau level as with proline (data not shown). The ratio of the initial velocities of proline versus cysteine charging is plotted in Fig. 2 . As can be seen, the values greatly vary from 7 to 4900. The archaeal enzymes and the closely related ProRS from the primitive eukaryote G. lamblia showed the best cysteine charging, whereas the eukaryotic S. cerevisiae enzyme showed the lowest. However, even the bacterial-type A. aeolicus ProRS charges cysteine very well. The effect of the insertion domain on cysteine charging was investigated with the E. coli enzyme. The partial lack of this domain in the bacterial-type ProRS ECdel3 showed a 2.3-fold increase in the relative cysteine charging when compared with the intact E. coli ProRS.
ProRS Forms Cys-tRNA Pro -To determine tRNA specificity of the ProRS enzymes, transcripts of E. coli tRNA Pro (CGG) or M. jannaschii tRNA Pro (UGG) (for the archaeal ProRSs), an E. coli tRNA preparation devoid of tRNA Cys (prepared by benzoylated DEAE-cellulose chromatography), and EF1A-purified E. coli tRNA Cys and T. thermophilus tRNA Cys were used. Because the results with the different ProRS enzymes were essentially the same, only the T. thermophilus ProRS acylation data are presented. The tRNA Pro transcript (Fig. 3A) or the Pro column fraction (Fig. 3B ) was efficiently charged with both proline and cysteine. This indicates that cysteine charging of unfractionated tRNA is the result of Cys-tRNA Pro formation. In agreement with this finding, the pure E. coli tRNA Cys and T. thermophilus tRNA Cys preparations could not be cysteinylated by the ProRS enzymes (Fig. 3B) . Therefore, we conclude that tRNA Pro both as transcript and fully modified can be readily mischarged with cysteine by all of the ProRSs tested.
Post-transfer Editing by ProRS-Because all of the ProRSs tested misacylated tRNA
Pro , we examined their post-transfer editing capacity using E. coli Cys-tRNA Pro . ProRSs from C. sticklandii, M. magnetotacticum, E. coli, A. aeolicus, and R. palustris were tested, but even at high enzyme concentrations (1 M), none showed any significant deacylation of cysteine (Fig. 4A) . Because E. coli ProRS is known to edit AlatRNA Pro (8, 28) , we tested the alanine editing activity of our ProRS enzymes. Only bacterial-type ProRS enzymes with the intact insertion domain deacylate Ala-tRNA Pro (Fig. 4B) . Even the R. palustris ProRS, which has a high similarity to the E. coli protein but lacks the insertion domain, did not show any editing. As a further confirmation to the reported involvement of the insertion domain in alanine editing (28), we showed that the ProRS AAdel1 enzyme did not deacylate Ala-tRNA Pro (Fig. 4B ).
DISCUSSION
Mischarging of non-cognate amino acids by AARSs has been observed previously (2) . However, the levels of mischarging have been relatively insignificant compared with the charging of the cognate amino acid, and many AARSs are able to efficiently hydrolyze misactivated or mischarged amino acids through their editing activities. The exceptions are mutant AARSs that are unable to perform their editing function (7, 30 -32) . It has been estimated that editing would be necessary for cell viability if the discrimination factor between cognate and non-cognate amino acids is Ͻ3000 (33) . Wild-type ProRSs may present the only example where lower discrimination factors naturally exist. ProRSs efficiently misactivate cysteine and form Cys-tRNA
Pro , which appears resistant to the editing functions of enzymes in vitro. Although it is unclear whether archaeal-type ProRSs possess an editing activity for AlatRNA Pro (Ref. 20 and this study), the bacterial-type enzymes certainly do (Refs. 8, 28, and this work). Therefore, it is really puzzling why the bacterial-type ProRS does not edit cysteine when it acts efficiently on alanine. This fact might be explained if bacterial-type ProRSs were to use a double sieve mechanism (3, 4) , because the molecular volume of alanine is smaller than the very similar volumes of proline and cysteine. As such, alanine would be able to enter the active site of the enzyme where it could be subsequently activated and even transferred onto tRNA. However, its ability to be edited suggests that alanine fits also to the distinct editing site, which was recently shown to be in the insertion domain of bacterial-type ProRSs (Ref. 28 and this work). In contrast, having a similar molecular volume to proline, cysteine cannot be edited without putting at risk hydrolysis of the cognate amino acid. Hence, it seems that cysteine evades efficient discrimination by both sieves so that mischarging of cysteine remains the same problem for both the bacterial and archaeal types of ProRS.
The highest rate of cysteine mischarging compared with that of the cognate proline was shown by the archaeal ProRSs, where the high cysteine acylation was initially observed (15) . Looking at our data, it appears that for most ProRSs, the rate of cysteine charging correlates with that of activation. There probably is no significant mechanism in place to prevent the transfer of activated cysteine onto tRNA in vitro. However, S. cerevisiae, C. sticklandii, and T. thermophilus ProRSs show obviously poorer cysteine mischarging compared with the activation data. This may be attributed to a better induced fit mechanism in these enzymes. This mechanism, recently proposed for T. thermophilus ProRS (34), envisages the formation of prolyl-adenylate as a prerequisite for a conformational change, enabling correct binding of the 3Ј terminus of tRNA.
Although there are no data on the in vivo formation of CystRNA Pro , it is difficult to imagine that the high level of mischarging observed in vitro would be tolerated by living cells. Careful regulation of intracellular proline and cysteine levels of an organism or the presence of additional factors (protein or RNA) may be required in vivo to prevent the formation of Cys-tRNA Pro or induce its hydrolysis. Yet, cysteine may present a special challenge for fidelity in protein biosynthesis. An analysis of the accuracy of charging of non-cognate amino acids by seven yeast AARSs revealed poor specificity in discrimination of cysteine by these enzymes (35) . Furthermore, based on a number of studies it was suggested that cysteine, possibly because of its small size and amphiphilic character, is an acceptable replacement at most protein positions without deleterious effect on cell viability (32, 36, 37) .
ProRS is the only aminoacyl-tRNA synthetase that charges two canonical amino acids at similar levels without subsequent error correction. The implications of this finding for AARS evolution are discussed below. The co-evolution theory of the genetic code (38, 39) proposes cysteine as a late addition to the amino acids used in encoded protein synthesis. Furthermore, analysis of factors which might have contributed to the temporal order of the amino acid recruitment in the genetic code also proposed cysteine to have arrived late (40) . Lastly, a recent proteome analysis that potentially reveals how amino acid frequencies in proteins evolved in biological time showed cysteine to be a late addition to the protein amino acids (41) . By the same criteria proline is an 'early' amino acid (38 -41) . To guarantee efficiency in protein synthesis, aminoacyl-tRNA synthetases may have evolved their particular specificities in response to the appearance of new amino acids. Thus, if cysteine was added to the pool of protein amino acids later than proline, an existing ProRS would not be expected to have evolved means to discriminate against cysteine. In this context, the difficulty of discriminating against the 'newcomer' amino acid cysteine is not surprising, especially if the new amino acid has similar properties (molecular volume) to the cognate proline which may make its editing mechanisms less efficient. CysteinyltRNA synthetase, on the other hand, arguably a much newer enzyme that did not yet reach some methanogens (17, 18, 42) , evolved as a highly discriminating enzyme employing a metal ion (Zn 2ϩ ) for specific cysteine recognition (43) and not requiring editing (44) . This leaves unresolved the question as to why ProRS did not subsequently evolve a means to discriminate against cysteine; the misreading of proline codons as cysteine would surely have provided a powerful selective pressure. This may readily be explained by the observation that the accuracy of ProRS product formation may be more dependent on intracellular amino acid levels than that of any other aminoacyltRNA synthetase, providing a highly effective example of kinetic discrimination.
